Hyperon non-leptonic weak decay amplitudes are studied in the chiral perturbation theory. We employ the low energy effective weak Hamiltonian which contains the perturbative QCD correction. To include the non-perturbative QCD effect, quark currents of the effective Hamiltonian are substituted with hadronic currents which are color singlet and are derived by the chiral perturbation theory. We find that the amplitudes caused by the product of hadronic currents are small. It reproduce the small amplitudes of ∆I = 3/2, which are derived by the strong interaction correction.
Introduction
Hyperon non-leptonic decay amplitudes have been studied very well experimentally [1] ; but the corresponding theory is not yet satisfactory [2, 3, 4, 5] . The difficulty comes from that the S-and P-wave amplitudes are not reproduced simultaneously, and that the enhancement mechanism of the ∆I = 1/2 amplitudes is not understood. It is expected that the hyperon decay amplitudes reflect the internal structure of the hyperon and, therefore, QCD corrections to the standard theory must play important roles there. Especially it is difficult to take into account the non-perturbative QCD effect. In order to estimate the amplitudes, low energy effective theories of the hadron are used in the previous study [3] .
Chiral perturbation theory is one of the effective theories for the low energy hadron phenomena. The chiral perturbation theory has systematic perturbation on the meson momentum, and is expected to reproduce the low energy hadron phenomena fairly well. But it is known that the chiral perturbation theory cannot reproduce the hyperon non-leptonic weak decay amplitudes. There may remain following questions.
1. What makes it impossible to reproduce the weak interaction in the chiral perturbation theory?
2. Is the chiral perturbation theory enough to describe the strong interaction correction for the weak interaction?
Since the chiral perturbation theory is very useful, it will be applied to more complicated hadron phenomena, for example Y + N → N + N. It is, therefore, very important to solve above questions.
To consider the role of the chiral perturbation theory, we derive the correction of the weak interaction into two parts, the perturbative QCD corrections and the non-perturbative QCD corrections. The perturbative corrections are taken into account with the one-loop correction to the standard theory, and the low energy effective weak Hamiltonian is derived by using renormalization group method. The effective weak Hamiltonian consists of the products of two quark currents. The non-perturbative QCD corrections are introduced by the chiral perturbation theory. The hyperon and its interaction with pseudo-scalar meson are presented by the heavy baryon formalism of the chiral perturbation theory. In this study, quark currents in the effective weak Hamiltonian are replaced by the hadron currents which are derived from the chiral perturbation theory. The effective weak Hamiltonian is, then, given in terms of the hadron operators. Previously the chiral perturbation theory needs many low energy constants to describe the hyperon non-leptonic weak decay [6] . The parameter fitting with the experimental data is the problem. But, in our method, low energy constants in the effective weak Hamiltonian are derived from the Lagrangian in the strong interaction. This effective weak Hamiltonian demand fewer number of low energy constants. And this Hamiltonian makes it possible to estimate the ∆I = 3/2 and the ∆I = 1/2 amplitudes separately.
The rest of the paper is organized as follows. Section 2 introduces the effective weak Hamiltonian which includes the perturbative QCD corrections. The effective Hamiltonian described by the hadron operators is constructed in section 3. Section 4 presents the numerical analysis and discussion on the hyperon weak decay amplitudes. Section 5 concludes the paper with the comments on the chiral perturbation theory and the hyperon non-leptonic weak decay amplitudes.
The Perturbative QCD Corrections to the Effective Weak Hamiltonian
The hadronic weak interaction is described by the standard theory where the weak bosons are exchanged between quarks [7, 8] . The Hamiltonian density of the weak interaction with quarks and weak gauge bosons becomes
where W ± is the charged W -boson field, J ± µ is the charged left-handed current and g is the coupling constant. Eq.(2.1) is applied to the hyperon non-leptonic weak decay. Because the gauge bosons are very heavy, the Hamiltonian for the non-leptonic decay is composed of four quark vertices, which include the QCD correction on the weak vertex. The weak Hamiltonian for the hyperon decay changes the strangeness. The weak transition matrix for |∆S| = 1 process is defined by [9, 10, 11 ]
Using the operator product expansion, it is possible to write the effective Hamiltonian as a sum of four quark operators. The coefficients of the operator depend on the mass scale. At the scale µ = M W the QCD running coupling constant α s is small, the coefficients can be expanded perturbatively in α s . Paschos et al. [11] deduced the following effective Hamiltonian at µ = M W :
where α, β denote the color index. ξ q satisfies ξ q ≡ V * qd V qs where V is the Cabibbo-KobayashiMaskawa matrix [13] . The first term is the pure weak interaction where the transferred momentum is lower than the W -boson mass scale. This term has the ∆I = 3/2 component as well as the ∆I = 1/2 component. The second term represents the one-loop QCD correction caused by the top quark in the internal line, which is called as penguin diagram. Since the top quark is heavier than the W -boson, this second term is treated separately. The scale µ in eq. (2.3) is changed with the renormalization group method, and the effective Hamiltonian for the low mass scale are obtained, where one-loop QCD correction are taken into account perturbatively. In this calculation, the renormalization scale µ is changed to µ 2 ≃ µ 2 0 where α(µ 2 0 ) = 1 is satisfied, as is prescribed in Bardeen et al. [14] . The effective weak Hamiltonian becomes 4) where the operators O r are given by Table 2 .1. In both cases, µ 0 is defined so as to satisfy α s (µ 2 ) = 1. The operators are described as a sum of products of the SU(3) f currents. Since each current belongs to the SU(3) f octet representation, the effective weak Hamiltonian belongs to the 8 or 27 dimensional representation. In eq.(2.5) the operator O 3 and O 4 belong to the 27 representation. Only the operator O 4 has the ∆I = 3/2 component, and other operators have only ∆I = 1/2 component. The Wilson coefficients in eq.(2.4) suggest the enhancement of the ∆I = 1/2 amplitudes, but it is known that this perturbative enhancement is not enough [12] . The correction using the renormalization group method does not contain full effect of the QCD correction to calculate the amplitudes of non-leptonic weak decays of hyperons. At the low momentum, the soft gluons are exchanged between quarks, which causes the non-perturbative effect. The estimation of the non-perturbative effect is very important for the hyperon weak decay. It is, therefore, necessary to introduce a low energy effective model which includes non-perturbative effects of QCD.
Chiral Effective Weak Hamiltonian for Hyperon Decays

Chiral perturbation theory in heavy baryon formalism
Chiral perturbation theory treats hadrons as elementary fields [15, 16] . The hadron properties can be calculated by perturbative expansions with respect to hadron momenta, quark masses and baryon mass differences [17, 18] . The chiral perturbation is valid if the momentum k is sufficiently smaller than the chiral symmetry breaking scale Λ χ ∼ 1 [GeV] . In the same way the quark mass matrix M = diag(m u , m d , m s ) is suppressed by a factor m/Λ χ .
The chiral Lagrangian is constructed with these expansions, requiring the chiral invariance, Lorentz invariance and parity conservation. The lowest and next order chiral Lagrangians for meson fields are given by
where L 1 ∼ L 10 are the coupling constants. These values are determined phenomenologically and are shown in Table 3 .1. The meson field Σ(x) is given by
This field is transformed under SU(3) L × SU(3) R as Σ −→ LΣR † . In order to preserve the local chiral invariance, the external gauge fields V µ and A µ appear through covariant derivative of mesons 4) and through the field strength tensors
The external scalar and pseudo-scalar fields, S and P respectively, are introduced as χ = 2B 0 (S − iP) and χ † = 2B 0 (S + iP), where the quark mass matrix M is included in S. Under the SU(3) L ×SU(3) R chiral symmetry, these external fields have the following transformations,
We follow the heavy baryon formulation for the octet and decuplet baryons. Introducing the four-velocity v µ , the momentum p µ of the baryon becomes [17] 
where m B is the average octet baryon mass and k µ represents the residual off-shell momentum of the baryon interacting with Goldstone bosons. In the heavy baryon formalism, the first term in eq.(3.7) is removed and momentum expansion can be treated in the same way as the Goldstone bosons. The mass term expansion gives power series of 1/m B . Using the expansions, the lowest order chiral Lagrangian for baryon fields is given by [18] 
where D, F , H and C are the coupling constants determined phenomenologically. The decuplet-octet mass difference is ∆m = m T − m B . The lowest order Lagrangian coupled to the scalar and pseudo-scalar external fields is given by
The velocity dependent baryon fields are defined by 
the pions derivatively coupled to the octet and decuplet baryons through the vector and axialvector fields,V
In order to preserve the local chiral invariance, the external gauge fields V µ appears through covariant derivative
where V µ is defined by
And the external gauge field A µ appears through the interaction term
where A µ is defined by
We apply the chiral Lagrangian (3.1), (3.2), (3.8) and (3.9) to derive the effective weak Hamiltonian for the hyperon decay.
Chiral effective Hamiltonian for weak interaction
The low energy effective weak Hamiltonian (2.4) is given as a sum of products of two quark currents. Hence, it is natural to construct an effective hadronic weak Hamiltonian by substituting the quark currents by hadron currents, term by term. But the quark operators can not be replaced by the hadronic operators directly, since the hadronic operators do not have the same property as the quark operators. As the effective weak Hamiltonian includes all the hyperon decay processes, we,therefore, introduce the following three ansatz.
1. Fierz transformation is applied to the four quark operators, and the form of the four quark operators are changed.
2. The effective weak Hamiltonian is constructed by summing up all the weak operators which are derived by the Fierz transformation.
3. The quark currents are replaced by the hadronic currents which have the same symmetry under the chiral transformation.
For the first ansatz, the Fierz transformation is applied to the quark currents and they become
Summing up all the operators, eq.(2.5) becomes
The operator O 52 and O 61 include S ± iP currents. The operator O 60 have the color nonsinglet current. Therefore the operator O 60 cannot be replaced by the product of the hadronic currents.
Next we derive the hadronic currents for the third ansatz. Consider an extended QCD Lagrangian coupling to external Hermitian matrix valued fields V µ , A µ , S µ and P µ ;
The chiral Lagrangian and the QCD Lagrangian which can describe the same hadron phenomena are connected via the external fields. We derive the hadron operator currents by taking appropriate derivertives with respect to the external fields;
where h is the 3 × 3 matrix satisfying the relation
These currents are transformed under chiral transform as follows,
Because J ij Lµ and J ij Rµ are the Noether currents, which are conserved, they are not renormalized, while the scalar and pseudo-scalar currents, which are not conserved, may be renormalized.
Substituting the quark bilinears in the operators (3.18) by hadronic currents, we obtain a hadronic representation of the weak Hamiltonian,
The effective weak operators are given by The coefficients K r are given in The above effective weak Hamiltonian includes only the interaction between color singlet hadron currents which is shown in Fig. 3.1(a) . There is a weak interaction that four quark vertex appears in the hyperon, which is shown in Fig. 3.1(b) . It corresponds to the two point vertex of the baryon operator in chiral perturbation theory. It is not enough to extract all the effects of this interaction by the factorization method from eq. (3.17). Therefore other terms have to be introduced to the effective weak Hamiltonian. These terms have the many coupling constants which are determined by the experimental data. In order to clear the hadronic currents effect of the weak Hamiltonian, we adopt the simple effective weak Hamiltonian (3.29). The effect of the two point vertex of the baryon operator in the chiral perturbation theory is discussed in ref. [23, 24] . It is also noted that the weak interaction shown in Fig. 3.1(b) do not affect the ∆I = 3/2 amplitudes according to the Pati and Woo theorem [21] . Hence the ∆I = 3/2 amplitudes are appear only in the operator O 4 and we can analyze them. In the following, we calculate the hyperon non-leptonic weak decay amplitudes with the effective Hamiltonian (3.29).
Hyperon Non-leptonic Weak Decays
Numerical analysis
Non-leptonic weak decay amplitude is conventionally defined by the following formula [1] .
where A is the S-wave amplitude and B is the P-wave one. In the heavy baryon formalism the decay amplitude is given by
where q is the momentum of outgoing pion. Note that G F and G f are the Fermi coupling constants but have different values:
. In the heavy baryon formalism, the baryons have the two component spinors, while baryons in eq. (4.1) are described by four component spinors. In the rest frame of the initial baryon, the two component spinors are extracted from eq. (4.1), and we obtain the following relations between decay amplitudes,
where E f is the energy of the final baryon and m f is the final state baryon mass. The hyperon non-leptonic weak decays are measured for the following seven processes:
). There are 14 measured amplitudes since each 7 decay process have the S-and P-wave amplitudes.
Using the strong interaction Lagrangian (3.1), (3.2), (3.8) and the effective weak Hamiltonian (3.29), the S-and P-wave hyperon non-leptonic decay amplitudes are calculated. The tree level amplitudes are obtained from the calculation of Feynman diagrams in Fig. 4.1 . Since the diagrams (2), (3) and (4) have a strong interaction vertex (q · S v ), these diagrams cause only P-wave decay amplitudes. The chiral logarithmic terms in the one-loop correction are obtained from the calculation of Feynman diagrams in Fig. 4.2 . The S-wave amplitudes are obtained from Fig. 4.2 (9) , (10), (11) In this computation, following hadron masses and constants are used: The amplitudes have 4 unknown parameters, a 1 , a 2 , a 3 and c 1 . The constants a 1 and a 2 that appear in the scalar current are determined as a 1 = 29.1/m s and a 2 = −94.8/m s where m s is the strange quark mass. They are derived from the baryon mass difference with the chiral perturbation theory [22] . The remaining two parameters are fitted with 14 experimental data. The amplitudes derived from fitted parameters are shown in Table 4 .1 shows that the amplitudes derived by the hadronic current interaction do not reproduce the experimental data well. It is caused by the lack of two point vertex of the baryon operator and by uncertainties of the quark condensation in scalar and pseudo-scalar currents. Table 4 .3 and 4.4 show the large amplitudes caused by the chiral logarithmic correction. In the chiral order analysis, the logarithmic correction of the one-loop diagram has the order of magnitude,
The effect of the one-loop calculation expected to be 25% correction to tree level amplitudes. But there are many loop diagrams which have many internal baryon states. Since the amplitudes are obtained by the summation of all diagrams, the amplitudes caused by the loop correction become large.
Let us considering the contribution of the each operator. In the tree level the operator O 1 is most important for the amplitudes, which is shown in Table 4 .5. Since the tree level amplitudes do not depend on the free parameters a 3 and c 1 , these amplitudes depend on B 0 value and they are small. The amplitudes caused by the two point vertex of the baryon operator must be large. But in the chiral logarithmic correction, the operators composed of the scalar and pseudo-scalar currents become important. Especially the weak Hamiltonian caused by meson currents, which is shown in Fig.4.2 (9) , (10) etc., is important since these terms are proportional to B 2 0 and sensitive to the B 0 value. In order to reproduce the experimental data by the chiral perturbation theory, it is important to construct the O 5 and O 6 operators exactly.
In our method ∆I = 3/2 amplitudes are derived from the operator O 4 and it does not depend on the unknown coupling constant in the chiral perturbation theory. In the tree level, the S-wave ∆I = 3/2 amplitudes are given by the diagram (1) in Fig.4 .1 and the P-wave amplitudes are given by the diagrams (1) and (4) Table 4 .7. In the tree level, the absolute values of the ∆I = 3/2 amplitudes become small. It is consistent to the ∆I = 1/2 rule. These small amplitudes are caused by the small coupling constants F, D < 1 in the chiral perturbation theory. But including the chiral logarithmic correction of the one-loop diagrams, the amplitudes become large. These amplitudes are caused by the summation of the many logarithmic term in loop diagrams and by the large coupling constants |H|, C > 1 of the decuplet fields.
Conclusion
Hyperon non-leptonic weak decay amplitudes are studied by the chiral perturbation theory. Applying the renormalization method to the weak interaction, the effective weak Hamiltonian which has perturbative QCD correction is obtained. The effective weak Hamiltonian is described by the qurak bilinear form. These quark currents are substituted by the hadronic currents derived by the chiral perturbation theory.
Our results suggest that the color singlet V ± A current interaction has the small contribution to the decay amplitudes. The weak interaction caused by the scalar, pseudo-scalar currents and by the two point vertex of the baryon operator have the large contribution. The ∆I = 3/2 amplitudes are suppressed. Using the chiral perturbation theory as the strong interaction correction for the weak interaction, it is consistent to the experimental data. Our method have no parameters for the ∆I = 3/2 amplitudes. Applying our method to the more complicated decay process, like Y + N −→ N + N, it is possible to predict the characteristic of the ∆I = 3/2 amplitudes.
In order to reproduce the experimental data quite well, it is necessary to study the two point vertex of the baryon operator, the quark condensation value B 0 for the weak interaction and the relation between the renormalization scale µ of the perturbative QCD correction and the chiral perturbation theory. 
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0.004 0.002 Table 4 .7 The S-and P-wave ∆I = 3/2 amplitudes of each decay mode. The second column shows the experimentally obtained ratio of ∆I = 3/2 and ∆I = 1/2 amplitudes. The third column represents the ∆I = 3/2 amplitudes which are calculated with the total decay amplitude and the ratio of the second column. The fourth and fifth column show the ∆I = 3/2 amplitude obtained by the effective weak Hamiltonian (3.29). 
S-wave decay mode
(5) (6) Figure 4 .2 (2) . In this study, it is considered that the internal baryon state is the decuplet baryon.
